Variations in maternal care in the rat affect hippocampal morphology and function as well as performance on hippocampal-dependent tests of learning and memory in the offspring. Preliminary genomewide analyses of gene transcription and DNA methylation of the molecular basis for such maternal effects suggested differences in the epigenetic state and transcriptional activity of the Grm1 gene in the rat as a function of maternal care. Grm1 encodes the type I metabotropic glutamate receptor (mGluR1), and we found increased mGluR1 mRNA and protein in hippocampus from the adult offspring of mothers showing an increased frequency of pup licking/grooming (i.e., high-LG mothers) that was associated with a decrease in the methylation of Grm1. ChIP assays showed increased levels of histone 3 lysine 9 acetylation and histone 3 lysine 4 trimethylation of Grm1 in hippocampus from the adult offspring of high-LG compared with low-LG mothers. These histone posttranslational modifications were highly correlated, and both associate inversely with DNA methylation and positively with transcription. Studies of mGluR1 function showed increased hippocampal mGluR1-induced long-term depression in the adult offspring of high-LG compared with low-LG mothers, as well as increased paired-pulse depression (PPD). PPD is an inhibitory feedback mechanism that prevents excessive glutamate release during high-frequency stimulation. The maternal effects on both long-term depression and PPD were eliminated by treatment with an mGluR1-selective antagonist. These findings suggest that variations in maternal care can influence hippocampal function and cognitive performance through the epigenetic regulation of genes implicated in glutamatergic synaptic signaling. D evelopmental outcomes are shaped by the prevailing social and economic contexts. Such influences in humans are apparent in studies showing the impact of socioeconomic status (SES) during childhood on health and well-being (1-7). Children reared in poverty show relatively poorer academic achievement and an increased risk for behavioral problems. There is evidence for SES effects on the development and function of brain regions critical for attention, affect regulation, and the processing of emotionally relevant information (8-10). SES effects on individual differences in brain-based developmental outcomes are mediated by parenting and the quality of the home environment (10-13). The demands of economic privation affect the mental health of the parents, increasing forms of parent-child relations that directly affect cognitive and emotional development (12). Importantly, such effects persist into adulthood, which begs the obvious question of how the broader socioeconomic context and associated effects on family function result in stable influences on neural function in the child.
D evelopmental outcomes are shaped by the prevailing social and economic contexts. Such influences in humans are apparent in studies showing the impact of socioeconomic status (SES) during childhood on health and well-being (1) (2) (3) (4) (5) (6) (7) . Children reared in poverty show relatively poorer academic achievement and an increased risk for behavioral problems. There is evidence for SES effects on the development and function of brain regions critical for attention, affect regulation, and the processing of emotionally relevant information (8) (9) (10) . SES effects on individual differences in brain-based developmental outcomes are mediated by parenting and the quality of the home environment (10) (11) (12) (13) . The demands of economic privation affect the mental health of the parents, increasing forms of parent-child relations that directly affect cognitive and emotional development (12) . Importantly, such effects persist into adulthood, which begs the obvious question of how the broader socioeconomic context and associated effects on family function result in stable influences on neural function in the child.
Parental influences on the development of the offspring are not unique to humans (14) (15) (16) . There are profound effects of variations in parental care on neural development in nonhuman species, including the rat. Naturally occurring variations in maternal care in the rat influence morphology and the capacity for synaptic plasticity in brain regions, such as the prefrontal cortex and hippocampus, that participate in higher cognitive functions (17) (18) (19) . Thus, the adult offspring of mothers that show a persistently increased frequency of pup licking/grooming (i.e., high-LG mothers) exhibit enhanced hippocampal-dependent learning and memory (17, 19, 20) and increased hippocampal long-term potentiation (LTP), a cellular model for the synaptic plasticity that appears to underlie learning and memory (18, 19, 21, 22) . Maternal effects on morphology and synaptic plasticity are apparent in both the dentate gyrus and the CA1 regions. These effects are at least partially reversed with cross-fostering, suggesting a direct effect of postnatal maternal care (17) . Moreover, within-litter variation in the frequency of LG directed toward individual pups correlates with hippocampal LTP (23) . Thus, in the rat, as in humans, social influences operate during early life to influence the structure and function of brain regions critical for cognitive capacity.
The obvious question concerns the nature of the underlying cellular mechanisms and the processes by which maternal influences exert an enduring effect on neural function. The increased capacity for hippocampal LTP in the adult offspring of high-LG mothers is associated with differential glutamate receptor function. Activity-dependent synaptic plasticity is dependent on glutamate-regulated changes in Ca 2+ signaling (24) . The relation between Ca 2+ activity and plasticity resembles an inverted U-shaped function, whereby increasing levels of Ca 2+ signaling enhance, and indeed are obligatory for, synaptic plasticity. However, elevations in Ca 2+ can inhibit plasticity through the activation of homeostatic mechanisms that protect against Ca 2+ -induced neurotoxicity (25) (26) (27) . Patch-clamp studies reveal that hippocampal slices from the adult offspring of low-LG mothers show increased NMDA sensitivity (22) and evidence for NMDA-mediated inhibition of synaptic plasticity. Thus, perhaps somewhat counterintuitively, an NMDA receptor (NMDAR) antagonist enhances hippocampal LTP in slices obtained from the adult offspring of low-LG mothers (22) . The same treatment suppresses hippocampal LTP in slices from the offspring of high-LG mothers (22) . These differences are associated with altered NMDAR levels; there is increased synaptic expression of NMDAR subunit proteins in the offspring of low-LG mothers (22) . Thus, maternal care appears to shape the hippocampal response to excitatory synaptic input in the offspring.
Maternal care appears to influence activity-driven synaptic plasticity through transcriptional influences on genes that encode for proteins implicated in glutamate signaling. We examined this hypothesis using genome-wide profiling of the hippocampal mRNA derived from the adult offspring of high-and low-LG mothers. The results suggested an up-regulation of Grm1 gene expression in the offspring of high-LG mothers. Grm1 encodes for the group I metabotropic glutamate receptor (mGluR), mGluR1, which is highly expressed in the hippocampus, including the medial perforant pathway of the dentate gyrus (28, 29) . This region is notably sensitive to maternal influences as a result of extensive postnatal development (30) . Group I mGluRs, of which there are two, mGluR1 and mGluR5, interact extensively at the postsynaptic membrane with both NMDA and AMPA ionotropic receptors (28) (29) (30) (31) , and can thus modulate synaptic plasticity, including both LTP and long-term depression (LTD) (28, 29) . Genetic deletion of mGluR1 or pharmacological antagonism impairs hippocampal-dependent learning (31) (32) (33) (34) .
We examined the possible maternal regulation of the Grm1 gene by first confirming the results of the expression array data using measures of both mGluR1 mRNA and protein in hippocampal tissue from the adult offspring of high-or low-LG mothers. We then examined the potential epigenetic mechanisms that might account for a sustained difference in hippocampal Grm1 expression, including measures of both DNA methylation and histone modifications. Our findings suggest that maternal care alters the epigenetic state of the Grm1 gene in a manner that is consistent with an increased expression of Grm1 in the offspring of high-LG mothers. Finally, we report the results of studies examining the role of mGluR1 in hippocampal synaptic function based on previous studies showing that group 1 mGluR activation induces a form of LTD of synaptic function (28, 29, (34) (35) (36) and may modulate presynaptic glutamate release through homeostatic, inhibitory feedback. The findings reveal increased mGluR1-induced LTD and greater mGluR1-mediated inhibitory synaptic regulation in hippocampus from the offspring of high-LG compared with low-LG mothers. Taken together, these findings suggest that maternal care stably influences the epigenetic state of genes that encode for proteins that regulate hippocampal synaptic function.
Results
Hippocampal mGluR1 but Not mGluR5 Gene Expression Is Altered by Maternal Care. We first sought to validate the results of earlier cDNA array studies suggesting differences in hippocampal Grm1 expression as a function of variations in maternal care. We dissected hippocampal tissue from the adult offspring of high-or low-LG mothers and used quantitative real-time reverse transcription polymerase chain reaction PCR (qRT-PCR) analysis to examine mRNA levels for the two class I mGluRs, mGluR1 and mGluR5 (28, 29) . The results (Fig. 1A) revealed significantly increased levels of mGluR1 mRNA in hippocampus from the offspring of high-LG compared with low-LG mothers [t (8) = 2.60, P = 0.03; n = 5]. In contrast, hippocampal mGluR5 mRNA levels did not differ as a function of maternal care [t (8) = 0.21, P = 0.84; n = 5]. We then examined whether the differences in mGluR1 mRNA levels were associated with changes in protein levels ( Fig. 1 B-D) . Western blot analysis revealed increased expression of mGluR1 in hippocampus of the offspring of high-LG compared with low-LG mothers [ Fig. 1B ; t (20) = 2.20, P = 0.04; n = 10-12]. In contrast, protein levels of the other group I mGluR, mGluR5, were not affected by maternal care [t (20) = 1.04, P = 0.31; n = 10-12]. These findings suggest a highly selective effect of maternal care on mGluR1 expression but not on mGluR5 expression.
Genome-Wide Analysis Reveals Differences in Grm1 Promoter
Methylation. We performed a genome-wide analysis of DNA methylation with a NimbleGen 2.1 rat DNA methylation promoter array (Roche) that covers 10-kb regions surrounding the transcriptional start site (TSS) of most genes annotated in the rat genome. The array uses 2.1 M oligonucleotide probes (50-75mer) with a median probe spacing of 100 bp covering ∼8 kb upstream and ∼2 kb downstream of known TSSs, and it informs on the DNA methylation state of ∼16,000 CpG islands. DNA was captured using methylated DNA immunoprecipitation (MeDIP) with hippocampal tissue from the adult offspring of high-or low-LG mothers (n = 4 per group) using an antibody to 5′methyl-cytosine and hybridized to the promoter arrays. Following false discovery rate correction, maternal care produced 235 differentially methylated regions across 107 genes. The results revealed apparent differences in methylation across a region in proximity to exon 2 of the Grm1 gene ( Fig. S1 and SI Materials and Methods), suggesting increased methylation in samples from the offspring of low-LG mothers compared with high-LG mothers. The differences within this region lie within exon 2 ( Fig. 2A) , which contains one of the few CpG islands across the Grm1 gene. CpG islands (37) are areas containing a greater than expected density of CpG sites, and they are commonly found in genomic regions that regulate transcription. On the basis of this analysis, we formed a hypothesis concerning potential regions of differential methylation of the Grm1 gene in the hippocampus as a function of maternal care.
Methylation of mGluR1 Promoter in Hippocampus of Low-LG
Offspring. Decreased mGluR1 mRNA levels in the hippocampus of low-LG offspring suggest stable maternal effects on Grm1 expression and differential methylation of regions that regulate Grm1 transcription. The results of the genome-wide analysis (Fig. S1 ) suggested such differences in the methylation state of the Grm1 gene as a function of maternal care. We focused on the region near exon 2 identified in the methylation arrays ( Fig. 3A and Fig. S1 ) and developed primers that permitted analysis of 14 individual CpG sites contained within the target region of exon 2 within the Grm1 gene ( Fig. 2A) . Exon 2 contains a coding region as well as an untranslated region. The assayed region incorporates 238 bp, starting 1,793 bp from the TSS and covers both coding and UTRs. Sodium bisulfite mapping was used to examine DNA methylation of the Grm1 promoter with individual CpG resolution and to compare the methylation of multiple clones from hippocampal samples of high-and low-LG offspring (20 clones per sample). The overall percentage of methylated clones (i.e., promoter sequences bearing at least 1 methylated CpG site) was significantly increased in the offspring of low-LG relative to high-LG mothers [ Fig. 2B ; t (8) = 2.97, P < 0.01; n = 5]. Analysis across all 14 CpG sites yielded no evidence for site-specific differences in methylation ( Fig. 2 C and D) . Rather, the difference in methylation was distributed across the amplified region.
The results of the sodium bisulfite mapping studies suggested increased methylation. We then examined the relation between DNA methylation and Grm1 expression in cultured primary hippocampal neurons treated with 5-aza-cytosine, a potent demethylating agent. We found that 5-aza-cytosine treatment significantly increased the levels of mGluR1 mRNA in cultured hippocampal neurons [ Fig. 2E ; F (2,13) = 8.44, P < 0.01; n = 4-5]. Post hoc analysis confirmed that at a concentration of 5 μM, 5-aza-cytosine treatment significantly increased mGluR1 mRNA levels above those of controls (P < 0.05). These findings are consistent with the hypothesis that under normal conditions, the level of DNA methylation constrains Grm1 expression.
Histone Modifications Associated with Hippocampal Grm1 Expression.
The relation between DNA methylation within gene promoter regions and transcriptional activity is commonly mediated by differences in histone posttranslational modifications that regulate access of transcriptional machinery to the TSS (38-40). We obtained primers for two regions (Fig. 3A) of Grm1, one lying in proximity to the region showing differences in methylation (02A) and one lying within the region of the transcriptional start site (−01A). Previous in silico analyses suggested multiple potential transcription factor binding sites within both regions, implying active transcriptional regulation through these sites (41) .
We developed a micro-ChIP protocol [adapted from the study by Dahl and Collas (42) ] to study multiple histone posttranslational modifications associated with the Grm1 promoter in hippocampal samples from the same individual animals. We used ChIP assays to examine common histone modifications focusing on two Grm1 regions in proximity to that showing differential methylation as a function of maternal care (Fig. 3A) . ChIP assays revealed little evidence for histone 3 lysine 9 trimethylation (H3K4me3) of the Grm1 promoter in the −01A region (Fig. S2 and SI Materials and Methods). In contrast, we found significantly increased association of histone 3 lysine 9 acetylation (H3K9ac; Fig. 3B ) for both the 02A [t (12) = 1.86, P < 0.05; n = 6-8] and −01A [t (12) = 1.82, P < 0.05] regions of the Grm1 gene. Likewise, we found LG mothers. The models depict the increased frequency of methylation typical in samples from the low-LG offspring, with a sporadic distribution. (E) Mean + SEM level of mGluR1 mRNA determined using qRT-PCR and normalized to β 2 microglobulin (B2M) in cultured primary hippocampal neurons treated with 0, 1, or 5 μM 5-aza-cytosine (n = 4-5 per group). *P < 0.05. increased association of the H3K4me3 mark ( Fig. 3C ) with both the 02A [t (12) = 1.89, P < 0.05; n = 6-8] and −01A [t (12) = 2.05, P < 0.05] regions of the Grm1 sequences. Both of these histone posttranslational modifications commonly associate with transcriptional activity (37) (38) (39) (40) 42) . Indeed, we found that the association of these marks across the Grm1 promoter was very highly correlated (Fig. 3 E and G ; region −01A: r = 0.94, P < 0.0001; region 02A: r = 0.96, P < 0.0001). In contrast, we found no differences in the association of trimethylated histone 3 lysine 27 (H3K27me3) with either region of the Grm1 gene.
Group I mGluR LTD. We then examined the functional significance of the differences in hippocampal Grm1 expression using mGluR1-induced LTD in hippocampal slices from the adult offspring of high-LG (n = 7) and low-LG (n = 8) mothers. Application of the group I mGluR agonist (R-S)-3,5-dihydroxyphenylglycine (DHPG; Tocris) induces a form of NMDAR-independent LTD that is induced by postsynaptic activation of mGluR1 and mGluR5 (28, 29, (34) (35) (36) . We hypothesized that reduced mGluR1 levels should associate with an attenuated DHPG-induced LTD in slices from low-LG compared with high-
LG offspring. Indeed, 50-60 min after DHPG treatment, there was a significantly greater depression of responses from baseline evident in slices from high-LG compared with low-LG offspring [ Fig. 4 A-C; t (13) = 2.96, P = 0.01], reflecting greater mGluRinduced LTD. Application of the mGluR1-specific antagonist JNJ 16259685 (1 μM; Tocris) significantly attenuated the depression at 50-60 min after termination of DHPG treatment in slices from high-LG offspring, confirming the involvement of mGluR1 in DHPG-induced depression [ Fig. 4D ; t (10) = 2.28, P < 0.05; n = 5-7].
Paired-Pulse Depression. We further examined mGluR function by examining responses to paired-pulse stimulation as a measure of the effect of maternal care on presynaptic function in the dentate gyrus. When two identical stimulations are separated by a short interval (<1,000 ms), modification of the size of the response to the second pulse relative to the first pulse reflects homeostatic control of presynaptic glutamate release (43) and is the measure for paired-pulse depression (PPD). The medial perforant pathway of the dentate gyrus is characterized by a very high glutamate release probability (44) , and in contrast to other hippocampal synapses, paired-pulse stimulation results in depression of the second pulse relative to the first (45). We examined regulation of PPD by mGluR1 in slices from high-and low-LG offspring. A two-way ANOVA examining the effect of maternal care (highor low-LG) and drug treatment (vehicle or JNJ 16259685) found a significant interaction [F (1,38) = 8.16, P = 0.007]. Fisher's post hoc tests showed that in vehicle-treated slices, the depression of the second pulse was significantly greater in slices from the offspring of high-LG (n = 11) compared with low-LG (n = 12) mothers ( Fig. 5 ; P = 0.01). The specific mGluR1 antagonist JNJ 16259685 (1 μM) significantly attenuated this depression in slices from high-LG offspring compared with vehicle-treated controls (control vs. JNJ 16259685; P = 0.02). In slices treated with JNJ 16259685, responses recorded in slices from high-LG offspring (n = 10) did not differ from those from low-LG offspring (n = 9). Thus, maternal care appears to alter presynaptic glutamatergic function through effects on mGluR1 expression, including effects on homeostatic regulation of presynaptic glutamate release. Importantly, the selective mGluR1 antagonist eliminated the maternal effect on PPD.
Discussion
Preliminary studies using a genome-wide analysis of gene expression suggested differences in hippocampal mGluR1 expression in the adult offspring of high-LG and low-LG mothers that were accompanied by differences in DNA methylation across specific regions of the Grm1 gene, which encodes for mGluR1. We confirmed the difference in hippocampal mGluR1 expression at the level of both mRNA and protein (Fig. 1) . Likewise, we used sodium bisulfite mapping to confirm the maternal effect on the epigenetic state of the promoter for the Grm1 gene, with increased methylation of the Grm1 gene in the adult offspring of low-LG compared with high-LG mothers. The results of the epigenetic analyses are consistent with those of the studies of mGluR1 expression: Increased DNA methylation in transcriptional regulatory regions commonly associates with decreased transcriptional activity (37) (38) (39) (40) 46) .
The differences in CpG methylation of the Grm1 gene were not specific to any individual CpG site. Rather, the region as a whole showed increased cytosine methylation in DNA from low-LG compared with high-LG mothers, with a twofold increase in the percentage of methylated clones in samples from the offspring of low-LG compared with high-LG mothers. These findings are similar to the effect of maternal care on the methylation of the GAD1 gene promoter that encodes for glutamic acid decarboxylase (47) . In both instances, increased methylation across the region was associated with transcriptional regulation associated with decreased gene expression (47) , despite the absence of singularly affected CpG sites. It is important to consider this effect in relation to the organization of the underlying DNA (48) . DNA methylation within promoter/enhancer regions reliably associates with transcriptional repression (37-40, 46, 49) through one of two pathways (49) . The first pathway occurs through the direct interference of densely methylated CpG sites, with transcription factor binding to the DNA sites, thus directly affecting transcriptional activity. The second pathway is more subtle, and probably far more prevalent in euchromatic regions with dynamic variations in gene transcription, particularly with cells, such as neurons and glia, where such a high percentage of the genome is actively transcribed. In this case, the presence of the methylated cytosine attracts a methylated DNA binding protein, such as MeCP2 or MBD2 (37) (38) (39) (40) 49) . These proteins, in turn, attract repressor complexes that include histone deacetylases (HDACs), which prevent histone acetylation, and thus favor a closed chromatin state that constrains transcription factor binding and gene expression. Note the increased H3K9ac of the Grm1 gene in samples from high-LG offspring, where there is also decreased DNA methylation. Because DNA is commonly organized into a nucleosome configuration, ∼146 bp wrapped around a histone octamer (48) (49) (50) , the methylation of any sites across this region should be sufficient to promote a closed chromatin configuration and decrease the probability of transcription. Thus, CpG methylation need not necessarily target specific CpG sites to affect local chromatin structure.
The ability of DNA methylation to regulate the capacity for histone modifications, especially histone acetylation, forms a prominent link between methylation and transcription. This is clearly evident for histone acetylation at sites like H3K9, which dynamically regulates the physicochemical properties of chromatin to enhance transcription factor binding (48, (51) (52) (53) (54) (55) (56) . Cytosine methylation attracts repressor complexes composed of HDACs, such that DNA methylation and histone acetylation are usually inversely related. H3K9ac associates with increased transcription (51-55), and we found increased H3K9ac of both regions of the Grm1 genes in hippocampus from the adult offspring of high-LG compared with low-LG mothers (Fig. 3) . This pattern is similar to maternal effects on hippocampal glucocorticoid receptor or GAD1 expression; in each case, decreased DNA methylation within promoter regions associates with increases in both H3K9ac and gene transcription (47, 57) . H3K9ac tends to associate with stably transcribed regions of the genome, which is consistent with the idea of a persistent increase in hippocampal Grm1 transcription in the adult offspring of high-LG mothers. Additional histone modifications, notably histone methylation, influence transcription through indirect pathways that involve a complex array of transcriptional mediators (51, 52, 54, (58) (59) (60) . Moreover, certain histone modifications covary. An example of relevance here is that of H3K9ac and H3K4me. Both marks are generally present at actively transcribed regions of the genome (61, 62) . Thus, we find increased H3K9ac and H3K4me3 at both regions of the Grm1 promoter, and the levels of these individual marks are very highly correlated (Fig. 3D) .
H3K4me, whether in the mono-, di-, or trimethylated state, appears to protect CpG islands against methylation (63, 64) . Thus, genome-wide analyses reveal a negative correlation between H3K4me and CpG methylation. Interestingly, H3K4me3 appears to actively "repel" the binding of the DNA methyltransferase, DNMT3L, which is essential for de novo methylation, and attracts complexes containing histone acetyltransferases, which open chromatin and enhance transcription factor binding (63) . Indeed, the absence of H3K4me3 seems to be a prerequisite for the recruitment of de novo DNA methyltransferases and the acquisition of DNA methylation (63) (64) (65) (66) . The same relation was apparent across the Grm1 promoter, where the decreased level of DNA methylation was associated with an increased level of H3K4me3 (Fig. 3) . H3K4me3 targets the chromatin remodeling factor (NURF) and the Yng1 protein in the nucleosomal acetyltransferase of histone H3 complex to genes increasing the level of histone acetylation and transcriptional activation. This process explains the tight correlation between the levels of H3K4me3 and H3K9ac.
Although differences in histone acetylation are commonly explained in terms of the underlying DNA methylation state, the relation between histone modifications, including H3K9ac, and DNA methylation is bidirectional (56, 58) . Thus, HDAC inhibitors, which increase the level of histone acetylation, associate with demethylation of the underlying DNA (56) . These findings suggest a model whereby DNA methylation and histone modifications establish a self-perpetuating state (58, 67, 68) that sustains a stable difference in gene transcription. Importantly, treatment with a demethylating agent, 5-aza-cytosine, increased mGluR1 mRNA levels in cultured hippocampal neurons (Fig. 3E) , suggesting that the methylation state of Grm1 actively represses transcription. mGluRs are members of the G protein-coupled receptor superfamily (28, 29) , and genes encoding eight mGluR subtypes have been identified. We found clear evidence for an effect of maternal care on mGluR1 but not mGluR5, the other group I mGluR, suggesting selective effects even within an mGluR subgroup. mGluR1 is localized postsynaptically in a perisynaptic zone surrounding the ionotropic NMDARs and AMPA receptors (AMPARs) (69) . mGluR-dependent LTP occurs at multiple excitatory synaptic sites. mGluR1 activation is required for LTP of AMPAR in hippocampal interneurons (70) . In contrast, mGluR5 activation is required for LTP of NMDAR in principal neurons (71) , reflecting both the complexity of the mechanisms underlying various forms of experience-dependent synaptic plasticity as well as the capacity for subtle and context-specific influences of early experience.
The perisynaptic location at excitatory synapses positions mGluR1 as a regulator of synaptic strength through the redistribution of ionotropic NMDARs and AMPARs (29) . Thus, mGluRs facilitate or directly induce both LTD and LTP of synaptic strength (72) . In vivo, mGluR1 activation is essential for low-frequency stimulation-induced LTD in the dentate gyrus of freely moving rats (73) . Maternal effects on mGluR1 expression and presynaptic function may therefore have broad implications for the regulation of synaptic plasticity. mGluR1 receptors appear to operate as sensors of extracellular glutamate, and thus activate negative feedback control over presynaptic function to maintain optimal glutamate release (74) . Variations in maternal care were associated with the response to paired-pulse stimulation in the medial perforant path, with a significantly greater depression of subsequent responding in slices from the adult offspring of high-LG compared with low-LG mothers. The medial perforant pathway is characterized by a very high glutamate release probability (44) . Regulation of presynaptic glutamate release is therefore a highly effective mechanism in determining synaptic strength and plasticity, especially during repetitive stimulation of this pathway, while inducing synaptic plasticity. Identical stimulations separated by a short interval (<1,000 ms) normally result in depression of the second pulse relative to the first in the medial perforant path (PPD). This is thought to be an inhibitory feedback mechanism to prevent excessive glutamate release during high-frequency stimulation (75, 76) . During repetitive stimulation, presynaptic Ca 2+ influx is inhibited, which, in turn, mediates a reduction in glutamate release to subsequent stimuli occurring in short temporal succession (75, 76, 78) . We showed that blockade of mGluR1 using JNJ 16259685 is sufficient to abolish PPD in the dentate gyrus of high-LG rats. The loss of PPD in low-LG rats may indicate an impaired feedback mechanism that would otherwise prevent excessive presynaptic glutamate release in the dentate gyrus and, additionally, may relate to the impairment of LTP in this region. We previously showed that overactivation of NMDAR could be responsible for LTP deficits in low-LG rats (22) . The loss of PPD in low-LG rats we report here may favor high glutamate release during LTP induction, resulting in excessive NMDAR activation and LTP impairment.
The best-characterized effect of mGluR1 on synaptic plasticity is that of mGluR-induced LTD of excitatory synaptic strength (28, 29, 72, 79) , which might be considered as another form of mGluR-induced synaptic depression. Thus, in addition to differences in PPD, there were maternal effects on hippocampal LTD, with significantly greater DHPG-induced LTD in hippocampal slices from the adult offspring of high-LG compared with low-LG mothers. The maternal effect on hippocampal LTD was eliminated with JNJ 16259685, revealing that the maternal effects are likely associated with the differences in the epigenetically mediated differences in mGluR1 expression. The mGluR-sensitive hippocampal LTD in the dentate gyrus is implicated in the encoding of information concerning novel objects (80, 81) . Interestingly, the adult offspring of high-and low-LG mothers differ considerably in tests of object recognition, with stronger evidence of object memory, as well as spatial learning, in the offspring of high-LG mothers (17, 18, 20) . Likewise, mGluR1 −/− mice show impaired performance on tests of hippocampal learning and memory. The mGluR1 −/− mouse and the adult rat offspring of low-LG mothers share a common decrease in capacity in prepulse inhibition, an experimental model of sensorimotor gating (82, 83) that is in part hippocampal-dependent.
In summary, these findings suggest that variations in maternal care regulate the epigenetic state and transcriptional activity of the Grm1 gene that encodes for mGluR1. The increased hippocampal expression of mGluR1 in the offspring of high-LG mothers is associated with decreased DNA methylation and increased H3K9ac and H3K4me3 marks in a Grm1 region that regulates transcriptional activity. Likewise, we provided evidence for the functional importance of the maternal effect on hippocampal mGluR1 expression in studies of synaptic plasticity (LTD) and synaptic regulation (PPD). The precise mechanism by which the differences in mGluR1 expression regulate hippocampal function and the relationship between the effect on hippocampal physiology and behavior remain to be established. However, these findings are consistent with the "environmental epigenetics" hypothesis (14, 57, 67) suggesting that environmental events regulate the activity of intracellular signaling pathways to modulate the epigenetic state of regions across the genome, thus providing a candidate mechanism for the enduring effects of early social experience.
Materials and Methods
Generation of High-and Low-LG Offspring. Long-Evans dams (Charles River Laboratories) were mated in the animal facility of the Douglas Institute, Montreal, Quebec, Canada and observed for individual differences in maternal behavior (84) (SI Materials and Methods). All experiments used the adult (>70 d of age) male offspring of high-and low-LG dams. All procedures were performed in accordance with the guidelines established by the Canadian Council on Animal Care, with protocols approved by the McGill University Animal Care Committee.
Electrophysiology. Hippocampal slices were prepared, and electrophysiology was performed under GABA A receptor blockade in the dentate gyrus (96) (SI Materials and Methods). mGluR LTD was induced using DHPG (50 μM). For PPD, field excitatory postsynaptic potentials were evoked at 20-s intervals, and once responses stabilized, paired-pulse stimulation (20-ms interpulse interval) was applied. The average of six stimulations was used to calculate the paired-pulse ratio (slope of pulse 2/slope of pulse 1). mGluR1-mediated effects were defined using JNJ 16259685 (1 μM).
Protein and RNA Determinations. Western blotting (SI Materials and Methods) was used to examine the expression of mGluR1 (1:5,000; BD Biosciences) and mGluR5 (1:1,000; Millipore).
Quantitative real-time PCR (47) (SI Materials and Methods) was used with RT2 PCR primer sets for rat Grm1 (catalog no. PPR06830A; SABiosciences) and Grm5 (forward primer TCCAGCAGCCTAGTCAACCT and reverse primer CAGATTTTCCGTTGGAGCTT).
DNA Methylation. Sodium bisulfite sequencing and MeDIP ChIP (46) (SI Materials and Methods) were performed with hippocampal tissue from the adult offspring of high-and low-LG mothers. Genome-wide analysis was performed with a custom-designed NimbleGen 2.1 rat DNA methylation promoter array that covers 10 kb of all annotated promoters to examine whole-genome promoter methylation (∼27,342 known genes).
ChIP Assay. Assays were performed as previously described (47, 57) . Briefly, animals were perfused with 4% (wt/vol) paraformaldehyde and brains stored at −80°C until dissection. Hippocampi were dissected and sonicated on ice. Aliquoted chromatin from each sample was simultaneously immunoprecipitated using Dynabeads-protein A (catalog no. 100.02D; Invitrogen); rabbit polyclonal antibody to H3K9ac, trimethylated H3K4me3, trimethylated histone 3 lysine 9, and H3K27me3 (all antibodies from Active Motif); and normal rabbit IgG nonimmune antibody (Santa Cruz Biotechnology). DNA was isolated from inputs and immunoprecipitated samples using elution buffer containing proteinase K (2 h at 68°C) and the phenol-chloroformisoamyl alcohol extraction method. One-tenth of the lysate was kept before immunoprecipitation (IP) for quantification of DNA present in different samples (input fraction). The rat Grm1 region of interest (GenBank accession no. NM_017011.1) was examined using primers [GPR1067491 (+) 02A, 1,393 from TSS and GPR1067491 (−) 01A, −254 from TSS; SABiosciences] with isolated DNA subjected to qRT-PCR amplification. All reactions were repeated in triplicate, and the ratio of immunoprecipitated DNA over input was calculated using the formula IP/Input = 2^[Ct(Input)-3.32-Ct(IP)].
Hippocampal Neuronal Cultures. Information on hippocampal neuronal cultures is provided in SI Materials and Methods.
